Suggestions have frequently been made that changes in cerebral activity of endogenous origin are reflected or induced by changes in the utilization of substrates by the brain. Substances which may act as substrates have been administered with therapeutic intent, for when changes in the utilization of substrate are caused experimentally, as in hypoxia, hypoglycaemia, and with some added drugs, large changes in cerebral functioning can ensue.
The main energy-yielding substrates for the human brain under normal circumstances have been found by studies of arterial-venous difference to be glucose and oxygen. Their interaction involves many intermediates which may themselves act as energyyielding substrates, and under unusual conditions still further substances may act as major substrates for the cerebral tissues of experimental animals. In man, knowledge of which additional substrates will support cerebral activities is, however, limited, and results mainly from the administration of materials to subjects in hypoglycaemic coma. Some findings are discussed at the end of this paper. In experimental animals secondary changes inherent in such methods have been minimized by using hepatectomized or eviscerated subjects, or by perfusion techniques, but this could be done only exceptionally in man and does not yet appear to have been carried out.
By radically different techniques, biopsy material from cerebral surgery can afford excellent opportunities for examining the abilities of various substances to support cerebral activities. Such material is the basis of the present studies. These depend on previous findings (Mcllwain, 1951a, b, c) that electrical impulses of types which excite motor or other responses when suitably applied to the brain in situ can be caused to induce metabolic changes in separated cerebral tissues in vitro. The requirements for such metabolic responses are remarkably close to those which modify electrical responses in the central nervous system in vivo. However, only certain substrates maintain tissues from laboratory animals in a condition permitting response to applied impulses (McIlwain, 1951c; Kratzing, 1953) . A number of potential substrates have now been examined in this respect with human tissues.
EXPERIMENTAL
Tissues Human tissues were available to us through the collaboration of Mr. Murray A. Falconer, Director of the Guy's-Maudsley Neurosurgical Unit. Advantage was taken of neurosurgical operations for leucotomy, lobectomy, and cerebral tumours to obtain specimens of macroscopically normal brain tissue. These specimens were removed from subjects under general anaesthesia, care being taken that their blood supply was not interrupted until the last possible moment (usually less than 30 seconds) before excision. The specimens were then placed in small, dry, glass or polythene containers. These were surrounded by crushed ice in a vacuum can and brought promptly to the laboratory. Here, arrangements for the metabolic experiment had already been made. The time between removal of the tissue, its preparation, and restoring to good metabolic conditions in experimental vessels, was between 25 and 90 minutes. During most of this time (noted in the individual experiments) skull opened and the brain removed, and prepared without cooling to 00. Guinea-pigs 
Salines
Phosphate-glucose saline contained 134 mM-NaCl; 5-4 mm-KC1; 1-34 mM-KH2PO4, MgSO4, and CaCl2; 13 mM-glucose; 10-4 mM-Na2HPO4 brought to pH 7-4 by HCl ; it was saturated with 02. Bicarbonate saline contained 124 mM-NaCl; 5 mm-KCl, 1-24 mM-KH2PO4, MgSO4 and CaCl2 ; 12 mM-glucose and 26-1 mM-NaHCO,, and was equilibrated with 5% CO2 in O2.
When several substrates were being examined in the same experiment, tissues were cut and handled in salines without added substrate; the substrates were placed in the main compartment of the individual vessels employed.
Apparatus
Orthodox manometric apparatus was used with the following additions. Grid electrodes were those of Ayres and McIlwain (1953) and fitted to vessels A (Mcllwain, 1951a) . Ring electrode vessels were vessels E (Mcllwain, 1951b) . Electrical impulses consisted of condenser discharges from the apparatus of Ayres and Mcllwain (1953) , giving 100 pulses/sec. at voltage and duration (time-constant) measured during the experiment and noted in the tables below.
Determinations
Oxygen pressure was determined manometrically each 5 minutes. At the end of the manometric measurements the set of vessels was maintained shaking in the thermostat, one after another removed, and a measured portion (usually 0-5 ml.) of the salines in which the tissue had been respiring was taken and treated with the copper-lime reagents for the determination of lactic acid according to Barker and Summerson (1941) .
RESULTS

Unstimulated Respiration with Adequate Glucose:
Nature of Specimens Details are given in Table I of all specimens examined. They derive from 13 operations carried out over a period of 18 months. Some of the operations yielded specimens large enough to be divided into two, which are given separate numbers. They derive from two main cortical areas, frontal (8) and temporal (5). The initial respiratory rates are given in Table II , and to aid their interpretation corresponding values are quoted for guinea-pig cerebral cortex. These employed the same apparatus and batches of reagents and were carried out by the same observers at times in between the experiments with human tissues. They permit the following conclusions. *With human tissues, the rates quoted are from all but one of the specimens available; one of a pair of determinations was spoiled. The 12 specimens yielded 18 pairs of values as six of the specimens were large enough to subdivide. With both human and guinea-pig tissues each pair of values which is compared derives from one experiment in which some four to eight samples of the tissue were handled at the same time and with most of the reagents in common. The differences from one pair to another are in the piece of tissue used for the samples, and in the batches of reagents.
t Specimens from frontal area: mean, 42-6 and S.D. 8-7; from temporal area, mean 39-2 and S.D. 9 4.
(1) The mean respiratory rate of human cerebral cortex under the present conditions was 41 ,umoles 0Q/g./hr. or about two-thirds those of guinea-pig.
(2) The pieces of human tissue used in any one experiment were as uniform in respiratory rate as those from guinea-pig. The average area of cortex examined was about 2 X 1-5 cm., and usually from this two to four successive slices of 0-35 mm. were cut. A piece much larger than this was divided into two and two experiments were run simultaneously with the different portions. Thus the pieces of tissue whose rates are compared in any one experiment had initially in vivo been in positions D close to each other, usually adjoining. In about half the instances they came from different depths in the cortex. In this sense the pairs of determinations both with guinea-pig and human tissues were not duplicates. No attempt was made to subdivide the tissue so that each sample might be representative of the whole specimen as considerable subdivision was not desirable and greater value was attributed to the possibility of showing differences between different parts of the same human specimen. Such differences were not usually found. This can be seen by the magnitude of the differences between samples from the same specimen (Table II) This is affected by factors which include the following :-(a) Variations from one experiment to another, assuming the tissue to be uniform: there appears to be no fully valid reason for this being greater with human than with guinea-pig tissue. (b) Differences in the handling of the specimens from the time of their removal to the beginning of measurements: the fashion of removing human tissues was different from that of removing guinea-pig brain. It might be said to be more satisfactory metabolically in that the subject was anaesthetized and blood circulation was maintained until within a minute before their removal, or less satisfactory in that material was kept, cool, for longer times between removal and the experiment. Some study has been made of these factors (Mcllwain, Ayres, and Forda, 1952; and below) and they appear minor in comparison with the treatment of the tissue in cutting, weighing, and transference to the experimental salines. They, however, remain not fully studied experimentally. (c) Inherent differences in respiratory rate between the different specimens: variation here includes the two major possibilities of different respiratory activity in different normal cortical areas and of differences induced by pathological processes. Considering the first possibility, a clear answer can be given in terms of gross cortical anatomy. The specimens derived in about equal numbers from frontal and temporal areas, and no significant difference was shown between these two groups. Other differences in location of the tissue have not been noted systematically, but in two instances cortex from a given operation but cut from a surface facing into a sulcus respired at a higher rate than samples from the same block but facing outwards towards the dura. The nature of the specimens precludes a clear conclusion as to whether this is typical of human cerebral tissues or whether it and the respiratory variations as a whole are pathologically conditioned.
Maintenance of Respiratory Rate
Respiration of specimens of human tissues after the first 30 minutes, quoted in Table IV (Mcllwain, 1951c; Kratzing, 1953 ; see Himwich, 1951) . Experiments in these laboratories with animal tissues were interpolated between those with human tissues and employed the same reagents and apparatus.
When, therefore, a substrate behaved in much the same way with human tissues as it did with those from laboratory animals, it was not studied with human tissues in great detail. The limited amount of human tissue was used in preference for more detailed study of situations in which human tissue appeared to be exceptional.
Results with substrates which behaved with human as with animal tissues are given in Table IV . The ability of each substance to support normal metabolism and metabolism with applied impulses has been examined and compared with the performance of pieces of the same tissue specimen, with glucose as substrate.
In the absence of substrate, initial rates were (1952). lower than with glucose, and were poorly maintained whether or not impulses were applied (Mcllwain, 1953 ; an example is given in Table IV Citrate.-Citrate supported respiratory rates which were initially a little more or less than those with glucose, but these invariably fell during subsequent _ experimental periods. Impulses might a little delay or accelerate the fall, but when impulses were stopped the final rates were always lower than those of otherwise similar tissues which had not been exposed to impulses.
Glutamic Acid as Substrate L-Glutamic acid maintained well the respiratory rate of human cerebral tissues and supported their respiratory response to applied impulses (Table V) . It does not have these effects in tissues from experimental animals (Mcllwain, 1951c) . Glutamic acid has recently attracted much attention in relation to cerebral functioning. Its behaviour as substrate has accordingly been examined in the following ways.
(1) Four specimens of human cerebral tissues were examined and found to behave in the same way towards glutamates. The specimens included ones which were low, moderate, and high in their initial respiratory rates with either glucose or glutamate. Glutamate is not, therefore, acting only by making good some defect in tissues of unusual respiratory rate. (2) Respiration and respiratory response to impulses were maintained in human tissues supplied with a mixture of glucose and glutamate (Table IV) . This, also, does not occur in tissues from the guinea-pig or rat. (3) Experiments such as those already reported with glutamic acid and tissues of guinea-pig (Mcllwain, 1951c) were repeated concurrently with the present studies, using the same reagents and vessels. These included two samples of glutamic acid of different origin. Absence of response to glutamic acid was confirmed. (4) The treatment to which the human tissues had been subjected before the metabolic experiment was imitated with tissues from guinea-pigs and rats (Table VI) . In one case the tissue, removed as usual from the experimental animal, was placed in one of the polythene containers employed with neurosurgical material (Elliott and Penfield, 1948) .
The spread of values in the present study (S.D. 10 6) moreover is similar to that found by Elliott and Penfield (1948) . In trying to assess whether such variability is inherent in normal cerebral cortex or peculiar to the tissues examined, it must be recalled that in each of these studies the tissues examined were removed for therapeutic purposes. Comparable respiratory data for localized cortical areas in a brain with convolutions or otherwise comparable to that of man do not appear to be available. In vivo a fall of 20 to 30% in human cerebral respiratory rate is associated with considerable functional changes. This is true of insulin hypoglycaemia (Kety, Woodford, Harmel, Freyhan, Appel, and Schmidt, 1948a) , pentothal narcosis (Wechsler, Dripps, and Kety, 1951) , diabetic acidosis (Kety, Polis, Nadler, and Schmidt, 1948b) , and uraemia (Heyman, Patterson, and Jones, 1951) and contrasts with the large range of values found for apparently similar tissues in the present studies. However, an almost comparably large scatter is found in the values observed in normal subjects in vivo (Kety and others, 1948a; Heyman and others, 1951 g./hr. (Kety and others, 1948a and b) corresponding to 88 ,umoles/g./hr. This is presumably an average rate for different parts of the brain which differ in respiratory rate when examined in vitro (Dixon and Meyer, 1936; Himwich, 1951 ; McIlwain, 1953 (Krebs, 1950) , or materials of natural occurrence such as serum. It is not known whether glucose remains the main substrate in such media, as is the case in vivo and in tissues electrically stimulated with glucose as the only added substrate.
That respiratory rate with applied impulses is closest to that in vivo is understandable as fluctuating electrical potentials are part of the normal environment of cerebral tissues in vivo. It is true that applied impulses in vivo can probably increase respiratory rate still further, but this takes place for a brief period only and is not to be compared with the sustained high rate normal in vivo or obtained with applied impulses in vitro. Metabolism at low glucose levels has also shown the electrically stimulated tissue to afford the closest parallel in vitro to the behaviour of the brain in situ (Mcllwain, 1953) .
Substrates Other than Glucose.-Metabolic rates with different substrates in the presence and absence of electrical impulses raise matters related to the mechanism of response to such impulses. Many of these have been considered elsewhere (Mcllwain and Gore, 1953; Kratzing, 1953) in relation to tissues from laboratory animals, and the present discussion concerns points more specifically related to the findings with human tissues.
Many substances increase the respiration of cerebral tissues in the absence of applied impulses but have little effect on the brain in vivo (see Himwich, 1951) . In contrast, the present findings show that the substances which will support the respiratory response to applied impulses are more limited. Although limited they include some substances for which evidence of action in vivo is debatable. Thus Himwich, Bowman, Daly, Fazekas, Wortis, and Goldfarb (1941) and Wortis, Bowman, Goldfarb, Fazekas, and Himwich (1941) found little or no change in cerebral metabolism or recovery from insulin hypoglycaemia in subjects to whom about 10 g. of lactates or pyruvates were administered. Other experiments have suggested a small increase in arterial-venous difference in oxygen to follow administration of pyruvate. The hypoglycaemic situation may not be a satisfactory one in which to observe the effects of carbohydrate intermediates, though findings (Stone, 1938; Klein and Olsen, 1947) with experimental animals without insulin administration suggest poor penetration to the brain to be important in the failure of the carboxylic acids as substrates. Pyruvate has been reported to antagonize barbiturate depression (Westfall, 1946) , an observation consistent with its acting as substrate though other intermediation is possible. Schwerin, Bessman, and Waelsch, 1950; Friedberg and Greenberg, 1947) . In human subjects, a variety of effects involving the central nervous system have been found to follow administration of the acid. These include amelioration of petit mal and the associated electrical characteristics of the brain (Price, Waelsch, and Putnam, 1943; Pond and Pond, 1951) . No effect as anticonvulsant could be found in experimental animals (Toman and Goodman, 1948) , a difference of interest in relation to the present findings of greater metabolic activity of the acid in human cerebral tissues. The effect of the acid on intelligence in mentally defective subjects has been reported (Albert, Hoch, and Waelsch, 1946, 1951 ; Zimmermann, Burgemeister and Putnam, 1947 and and not always paralleled in (presumably mentally normal) rats (Stellar and McElroy, 1948) . Again, such a species difference is understandable in terms of the present findings but others must be taken into consideration. WeilMalherbe (1950) and Milliken and Standen (1951) give relevant experimental work and assess other studies not quoted here.
A third group of studies on administered glutamic acid has shown indubitable effects on the central nervous system, of which, however, a major part is indirect. The acid will rouse subjects from insulin hypoglycaemic coma (Mayer-Gross and Walker, 1949) but only in association with adrenalin release and a resulting increase in the blood glucose level (Weil-Malherbe, 1950) . Nevertheless, the blood glucose level at the time when such subjects were aroused with glutamic acid, was less than the level associated with arousal following administration of glucose itself (Mayer-Gross and Walker, 1949) . This leaves scope for an action of glutamic acid as substrate capable of supporting cerebral activities such as has been found in the present study.
Succinate has been reported to restore cerebral functioning following administration of barbiturates (Soskin and Taubenhaus, 1943; Castex, Camponovo, and Labourt, 1948; Ghilardi Mezzich, 1949) and in alcoholism (Katz, 1952) . For these effects the present studies offer no parallel. The former report was not substantiated by Lardy, Hansen, and Phillips (1944) . SUMMARY Human cerebral tissues removed during operations for prefrontal and temporal lobectomy afforded about 40 specimens for determining the initial respiratory rate in a phosphate-buffered saline with glucose as substrate. The mean rate so obtained was of 55 ,umoles 02/g. fresh tissue/hr. The variation in respiratory rate was relatively large (S.D. 10-6) but rates were not systematically different in tissue from frontal and temporal areas. The rates changed little if at all during the first two hours' metabolism.
Applied electrical impulses increased respiration to up to 110 ,imoles 02/g.hr., which is close to the probable respiratory rate of human cerebral cortex in situ.
Aerobic accumulation of lactic acid with glucose as substrate proceeded concomitantly with normal respiration and at about 25 ,umole/g. fresh wt./hr. This also could be doubled by applied electrical impulses.
The respiratory rate of human cerebral tissues in a phosphate saline without substrate was lower initially than when glucose was present and fell further after 30 minutes' metabolism. Electrical impulses effective with glucose were then without action. Fumarate as the only substrate was without effect on the lower rate, on the fall in rate, and on the rate with applied impulses.
Succinate as the only substrate maintained respiration without permitting response to impulses. Citrate maintained less stable rates which were affected little by impulses. Lactate and pyruvate maintained well the respiratory rate of the tissues and permitted clear responses to applied impulses. Reaction to these substrates is similar in human tissues and in those from experimental animals.
With glutamic acid as substrate, human tissues behaved differently from those from other animals examined. Respiratory rate was maintained and responded to applied impulses.
